Abstract Tropical coastal areas are sensitive ecosystems to climate change, mainly due to sea level rise and increasing water temperatures. Furthermore, they may be subject to numerous stresses, including heat releases from energy production. The Urias coastal lagoon (SE Gulf of California), a subtropical tidal estuary, receives cooling water releases from a thermoelectric power plant, urban and industrial wastes, and shrimp farm discharges. In order to evaluate the plant thermal impact, we measured synchronous temperature time series close to and far from the plant. Furthermore, in order to discriminate the thermal pollution impact from natural variability, we used a high-resolution hydrodynamic model forced by, amongst others, cooling water release as a continuous flow (7.78 m 3 s −1 ) at 6°C overheating temperature. Model results and field data indicated that the main thermal impact was temporally restricted to the warmest months, spatially restricted to the surface layers (above 0.6 m) and distributed along the shoreline within ∼100 m of the release point. The methodology and results of this study can be extrapolated to tropical coastal lagoons that receive heat discharges.
Introduction
The United Nations Joint Group of Experts on the Scientific Aspects of Marine Environment Protection defines pollution of the marine environment as "the introduction by man, directly or indirectly, of substances or energy into the marine environment (including estuaries) which results in such deleterious effects as harm to living resources, hazards to human health, hindrance to marine activities including fishing, impairment of quality for use of sea water and reduction of amenities", including the impacts of thermal discharges in the marine environment (GESAMP 1984) . One of the most common sources of heat pollution to aquatic ecosystems is power generation.
In order to produce electricity, coastal thermal and nuclear power plants use sea water for cooling, which is heated and released back to the ecosystems causing environmental impacts (Crema and Pagliai 1980; Jiang et al. 2008; Teixeira et al. 2009 Teixeira et al. , 2012 Verones et al. 2010) . Globally, in 2002, the fossil fuel and nuclear consumption was ∼9000 million metric ton oil equivalent per year (BP-AMOCO 2002; IEA 1998) producing 1014 kWh of heat. This energy overheats the Earth surface by 0.02 W m 2 (Nordell 2003) . In Mexico, ∼84 % of the electricity is produced by thermal and nuclear power plants, which consume ∼5 % of the licenced water (CONAGUA 2011) .
Thermal pollution can be especially serious in tropical zones, where sea water temperature may be near the upper tolerance limits of some marine organisms (Langford 2009; Poornima et al. 2005) . Moreover, in the present scenario of climate change, the environmental thermal impact can become even more critical (Kimmerer and Weaver 2013) . It is therefore relevant to develop tools that facilitate the assessment of environmental impacts and risks in coastal ecosystems due to thermal pollution.
The Urias coastal lagoon (UCL) is a subtropical coastal lagoon in northwestern Mexico (SE Gulf of California), under significant environmental pressure due to the proximity of Mazatlan City, which has 438,434 inhabitants (2010) that can increase by 50 % during the tourist season (INEGI 2013) . The Mazatlan port is on the lagoon and provides valuable services such as commerce, tourism, fishing, seafood processing and naval industry (Villalba 1989) . The estuary also receives cooling waters from the thermoelectric power plant "José Aceves Pozos" at a flow rate of 7.8 m 3 s −1
and 2-6°C of overheating temperature (Alvarez-Leon 1980) . In the present work, we measured temperature time series and implemented a high-resolution model (50 m×50 m) in order to assess the thermal impact of the cooling water released from this thermal plant in the lagoon. The methodology and results of this work may be useful to the study of thermal impacts in tropical coastal lagoons worldwide.
Materials and Methods

Study Area
The Urias coastal lagoon (23°11′ N-106°22′ W) is adjacent to Mazatlán City, Sinaloa State, on the Pacific coast of Mexico (SE Gulf of Mexico). It has a surface area of 18 km 2 and a length of 17 km. This estuary has been described as a coastal lagoon with an internal platform barrier (Lankford 1977 Alvarez-Leon (1977) , the average annual rainfall in the area is 0.8 m, the average annual surface temperature is 25°C and the monthly average temperature ranges from 19.7°C in February to 28°C in August. The average annual salinity has been reported to have a value of 34 PSU (practical salinity unit), a maximum during the drought season (39.4 PSU) and a minimum during the rainy season (31.7 PSU).
Thermoelectric Power Plant
The combined cycle thermoelectric power plant "Jose Aceves Pozos" is located near the centre of the intermediate area (Fig. 1) . It has three bunker fuel oil-generating units with a 616-GWh design generation, 4131 MW capacity and 76.3 % operational efficiency. A chimney releases the combustion gases from each unit. The thermoelectric power plant draws cooling water from the Urias coastal lagoon water, which is directly released to surface waters at a flow rate of 7.8 m 3 s −1 and 2-6°C of overheating temperature (Alvarez-Leon 1980).
Model and Forcings
To simulate the Urias coastal lagoon hydrodynamics, we used the Stony Brook Parallel Ocean Model (Jordi and Wang 2012) , a parallelized version of the Princeton Ocean Model (POM, Blumberg and Mellor 1987) . POM is a state-of-the-art numerical solver for the primitive equations of the ocean that has been extensively used to simulate conditions in estuaries (Xu et al. 2013) , semi-enclosed seas (Bernardello et al. 2012 ) and the open and global ocean (Barron et al. 2006) . POM is a three-dimensional sigma coordinate (terrain following) model and includes the level 2.5 Mellor-Yamada turbulence closure scheme (Mellor 2004) . To simulate the complex dynamics of this water body, we implemented an orthogonal grid with a horizontal resolution of 50 m resulting in a matrix of 254×106 elements, whereas eight unevenly distributed sigma levels were used to represent the vertical dimension. The model was forced with tidal sea-surface oscillation at its southern open boundary (the harbour entrance) as follows (Godin 1972) :
where ζ, ω and φ are the amplitude, angular frequency and phase for the harmonic tide, respectively. CardosoMohedano et al. (2014) At the southern open boundary, water temperature was prescribed using remote sensing monthly climatological data for sea-surface temperature from sensor MODIS-Aqua. At the surface boundary, the model was forced using archived forecast analysis data provided by the European Centre for Medium Range Weather Forecast (ECMWF) with a spatial resolution of 0.25°a nd a time step of 6 h. The data set includes 2-m air and dew temperatures, total cloud cover, 10-m wind speed components and precipitation. These data were used as inputs to a set of bulk formulas used to calculate heat and freshwater fluxes (Estournel et al. 2009 ). In order to simulate the characteristics of the cooling water flow from the thermoelectric power plant, we imposed the water cooling release as a continuous flow (7.78 m 3 s −1 ) on the surface open boundary at the power plant location. In order to determine the potentially highest thermal pollution impact, we assumed that the plant continuously operated with the maximum overheating temperature (6°C). In order to avoid model drift during the simulation, we performed a three-year spin up to achieve a steady-state solution, and results from the fourth simulated year are presented here.
Temperature Measurement and Comparison
In order to compare model results with field data, we placed during 2013 two HOBO Water Temp Pro v2, with ±0.02°C resolution at 25 and 0.2°C accuracy over 0°to 50°C, one placed at a station nearby the thermoelectric power plant (named Thermoelectric Impact Station) and another one closer to the harbour entrance (Reference Station). Probes were placed at a 3-m depth and the temperature was measured continuously with a time resolution of 30 min.
In order to evaluate the cooling water overheat, we defined ΔT data as the temperature in the Thermoelectric Impact Station minus the synchronous temperature in the Reference Station as 
We also defined ΔT model as the simulated temperature with power plant release (thermal model) minus the simulated temperature without release (reference model) at the same time step as
T thermal model and T reference model were calculated in the Thermoelectric Impact Station grid location.
Results
The reported lagoon water temperature ranges (Villalba 1989) show a close relationship with atmospheric temperature, with a minimum range of 22-23°C during the coolest months (November to February) and a maximum range of 30-32°C during the warmest months (July to September). Indeed, this is consistent with our measurements, as the minimum temperature in the Reference Station ranged from 21.5 to 22.5°C and the maximum range was 31.9-33.9°C. The temperature in the Thermoelectric Impact Station had the same pattern, with a temperature minimum range of 22.8-23.8 and a maximum range of 32.8-34.8°C. Furthermore, the measured average temperature (Table 1) was significantly higher in the Thermoelectric Impact Station than in the Reference Station (two-sided t test, p<0.01). These results indicated that the thermoelectric power plant overheats the local temperature by 1.23±0.02°C. This was consistent with the model results, as the simulated temperature in the Thermoelectric Impact Station was significantly higher than in the Reference Station leading to a simulated overheating of 1.4±0.4°C (twosample t test, p<0.01).
During the full measurement period, the simulated maximum temperatures were overestimated by ∼2°C (Table 1) . As this mainly occurred in the upper lagoon, we suggest that this might be due to i) the discrepancy between the natural interannual variability of the actual atmospheric forcing and the climatological data used to force the model and ii) the fact that the model does not take into account the shadow effect produced by abundant mangrove forests in the upper lagoon, which might reduce the amount of radiant energy reaching the water mass. Anyhow, the simulated and measured temperatures were not significantly different in the Reference Station (two-sample t test, p=0.45) and Thermoelectric Impact Station (two-sample t test, p=0.88).
The model reproduces well the tidally forced semidiurnal temperature pattern (Fig. 2) , thus showing that, as expected, the lagoon temperature is governed not only by atmospheric forcing but also by the tidal currents. The simulation results indicated that the thermal plume was found within 1 km of the thermoelectric power plant (Fig. 3) mostly following the shoreline, with little transversal transport.
The simulated monthly average temperature in the Thermoelectric Impact Station indicated that maximum temperatures occur in the warmest months: July (36.17°C), August (36.92°C) and September (35.88°C). The minimum temperatures occur in the coolest months: December (24.21°C), January (22.95°C) and February (23.38°C).
Discussion
Temperature is a fundamental parameter in marine ecosystems, as it allows life development and affects reproduction, growth and overall metabolism. Therefore, thermal pollution may cause perturbations to marine biota, especially in the tropical and subtropical zone, where the local temperature is near the upper tolerance limits of some marine organism (Langford 2009; Poornima et al. 2005 ). Verones and co-workers (2010) ). These impacts may be more serious in eutrophic semi-enclosed coastal water bodies under significant environmental pressure , as is the case of the Urias coastal lagoon.
Therefore, models should be used to evaluate thermal impacts and as a management tool of other activities in coastal lagoons (Bedri et al. 2013) . In order to evaluate the Urias coastal lagoon thermal pollution, we measured the temperature close to the thermoelectric power plant cooling water release (Thermoelectric Impact Station) and near the harbour entrance (Reference Station). In addition, we used a high-resolution 3D model to simulate the impact of the plant cooling water release. Our results showed that in the Thermoelectric Impact Station, the maximum temperature measured occurred in the warmest months (32.8-34.8°C) and these were significantly higher than in the Reference Station (average ΔT data = 1.23 ±0.02°C). The observed overheating was consistent with the model results (1.4 ± 0.4°C). Furthermore, the model reproduced well the semi-diurnal tide behaviour, which causes a natural thermal oscillation (Fig. 2) .
The simulated lagoon temperatures showed a 0.15-0.3°C km −1 longitudinal thermal gradient, increasing from the harbour entrance to the upper lagoon, as described by Villalba (1989) . The lagoon temperature depends on many factors, e.g. cloud cover, solar radiation, wind, heat exchange with the atmosphere and tidal currents. These factors cause high thermal variability, as shown in Fig. 4 , thus introducing a high degree of complexity in the accurate assessment of the thermal impact. Therefore, in order to assess the plant thermal plume, we compared the lagoon temperature with and without thermal releases, but maintaining the same model forcing.
The model results (ΔT model ) indicated that the average overheat isoline (1.4°C) was horizontally restricted to ∼100 m from the thermal release point and that the thermal plume was stretched along the shoreline (Fig. 5) , thus showing no effective estuarine transversal transport. Furthermore, the thermal impact was vertically restricted to the surface layer (above 0.6 m) (Fig. 6) .
Our results were consistent with Teixeira and coworkers (2012) , who report that for a nuclear power plant in a Southeastern Brazil coastal area, the thermal plume is restricted to the surface layer, with a ∼2°C temperature difference between surface and bottom waters; thus, temperature increment would not affect the benthic cover. Also, Lardicci and co-workers (1999) observe that the heated effluent from a power plant on the Gulf of Follonica, Italy, does not affect the structure and spatial distribution of the benthic communities. Poornima and co-workers (2005) report that the impact of a thermoelectric power plant on the east coast of India is quite confined and does not affect phytoplankton communities. Finally, Martinez-Arroyo and Abundes (2000) observe that the water overheat (5.3-9.2°C) from a coastal thermoelectric power plant on the Gulf of Mexico does not affect the algal community structure, but the thermal pollution affects the algal photosynthesis behaviour.
In order to estimate the potential thermal pollution impact on Urias coastal lagoon biota, we summarized upper temperature limits for growth of several species living in the lagoon (Table 2) . From the reported limits, it can be concluded that the cooling water releases from the thermoelectric power plant may only directly affect invertebrates, since the maximum temperature (36.9°C) only exceeded upper temperature limits for growth for invertebrates (35°C) during the warmest months.
Although the thermoelectric power plant overheat did not reach upper temperature limits for growth for other species, it could indirectly affect local biota. Ferrando and Mendez (2011) report that benthic fauna close to the thermoelectric power plant release point is perturbed in the warm season (August). However, our results indicate that the thermal impact is restricted to the surface layer (Fig. 6) ; thus, the plant cooling water release could not affect directly the benthic ecosystems. On the other hand, the high concentration of organic matter, present in eutrophic environments such as the Urias coastal lagoon (Ochoa-Izaguirre and SotoJímenez 2013), depletes oxygen concentration in the water column, and the high thermal stratification could reduce the atmospheric oxygen diffusivity toward the water column. Therefore, our results suggest that the observed impact in the lagoon may be caused by oxygen deficit, eutrophication and strong thermal stratification rather than by the thermal plume itself. Indeed, the effects of thermal pollution could be aggravated by i) Fig. 6 Simulated ΔT model (red area), T thermal model (red line) and T reference model (blue line) profile in the Thermoelectric Impact Station eutrophication, causing oxygen depletion, due to urban and shrimp farm discharges ) occurring also at the Urias coastal lagoon (Paez-Osuna et al. 1997) and ii) enhanced stratification caused by water overheating. These effects have not been reported in the Urias coastal lagoon and merit further research.
A different picture emerges when global warming by Climate Change is considered. In the 5th Assessment Report, the IPCC (Stocker et al. 2013 ) reports that, depending on the Representative Concentration Pathway (RCP) scenario and based on 12 AtmosphereOcean General Circulation Models, the median global ocean sea-surface temperature change by 2100 will range from 0.6°C (0.4°C lower 90 % range band, RCP2.6) to 1.5°C (2.0°C upper 90 % range band, RCP8.5). When considering the 90 % bands, and assuming no other effects than the impact of the global ocean temperature rise, the projected maximum Brock 1978) . This suggests that, under the currently considered Climate Change scenarios, by 2100, the maximum temperature in the Urias coastal lagoon might directly affect fish growth, thus affecting the ecosystem and socio-economic activities such as fishing and aquaculture. Further work is needed to produce specific projections for the Urias coastal lagoon and to quantify the thermal tolerance of relevant fish species in the region.
Conclusions
The Urias coastal lagoon showed large temperature variations, ranging from 21.5 to 22.8°C in winter to 31.9 to 33.9°C in summer in the Reference Station. Near the thermoelectric power plant (Thermoelectric Impact Station), temperatures ranged from 22.8 to 23.8°C in winter to 32.8 to 34.8°C in summer. The measured and modelled water overheat near the plant were ∼1.23 and ∼1.4°C, indicating a good performance of the model. Numerical simulation results showed that the temperature in the lagoon is strongly influenced by tides. Model results showed that the plant thermal impact was vertically restricted to the surface layer (>0.6 m) and horizontally restricted to ∼100 m from the release point. The thermal plume was distributed only along the shoreline, and, therefore, there was no effective transversal transport. The maximum modelled overheating could reach upper temperature limits for growth only for some invertebrates during the warmest months. However, the plant thermal impact could be aggravated by the conjunction of cooling water release and other lagoon environmental stressors, such as oxygen depletion caused by eutrophication. Furthermore, in the current Climate Change IPCC scenarios, by 2100, the maximum temperature in the Urias coastal lagoon might directly affect fish growth, thus affecting the ecosystem and socioeconomic activities such as fishing and aquaculture. The results of this study may be useful for the study of other tropical coastal lagoons that receive heat discharges.
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